The burial of hydrophobic side chains in a protein core generally is thought to be the major ingredient for stable, cooperative folding. Here, we show that, for the snow flea antifreeze protein (sfAFP), stability and cooperativity can occur without a hydrophobic core, and without α-helices or β-sheets. sfAFP has low sequence complexity with 46% glycine and an interior filled only with backbone H-bonds between six polyproline 2 (PP2) helices. However, the protein folds in a kinetically two-state manner and is moderately stable at room temperature. We believe that a major part of the stability arises from the unusual match between residue-level PP2 dihedral angle bias in the unfolded state and PP2 helical structure in the native state. Additional stabilizing factors that compensate for the dearth of hydrophobic burial include shorter and stronger H-bonds, and increased entropy in the folded state. These results extend our understanding of the origins of cooperativity and stability in protein folding, including the balance between solvent and polypeptide chain entropies.
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protein folding | cooperativity | kinetics | PP2 | hydrogen bonding T he basis of protein-folding stability and cooperativity remains a topic of great interest (1, 2) . Most studies have focused on proteins with hydrophobic cores containing α-helices and β-sheets. Here, we study the folding of snow flea antifreeze protein (sfAFP), a globular protein that lacks these features. The 81-residue protein has a novel fold that is distinct from other proteins (3) (4) (5) (6) , containing only polyproline 2 (PP2) helices and turns with a core filled with H-bonds and no hydrophobic groups (Fig. 1) .
The H-bond network between the PP2 helices (6), PP2 [1] [2] [3] [4] [5] [6] , requires close packing, which would be precluded by the presence of a C β atom. Thus, the PP2 helices are defined by glycine (Gly) repeats (GXX or GGX, where X is any other amino acid), which enable the hydrogen-bond network. As a consequence, the sfAFP molecule has a low-complexity glycine-rich sequence [37/81 Gly residues, or 46%; typical is 6, or 7% (7)]. The sfAFP core is well packed with essentially no interior void volumes, even when probed using a 0.5-Å radius sphere (8) . sfAFP also contains two disulfide bonds, C1-C28 and C13-C43.
Notably, no side chains are buried in sfAFP's core (2) . All 12 hydrophobic side chains (V 4 , K 2 , and P 6 ) are surface exposed. Upon folding, sfAFP buries about 20 Å 2 ·res −1 of hydrophobic surface area compared with an average of 50 Å 2 ·res −1 for a set of 34 proteins of similar size ( Fig. 2A) . The difference equates to a decrease in stability of ∼1 or 1.4 kcal·mol , assuming a surface tension coefficient of γ ∼ 34 or 47 cal·mol
·Å
−2 based on classical (9) or Flory-Huggins theory (10) , respectively. Even the lower bound of 1 kcal·mol
·res −1 represents a significant stability loss, and it is not obvious which energetic terms could compensate for the reduction in hydrophobic burial.
Because hydrophobic burial is generally regarded as the basis of protein stability and folding cooperativity (11), we investigated sfAFP's folding behavior. We characterize the stability and folding kinetics using circular dichroism (CD), fluorescence, and small-angle X-ray scattering (SAXS). We find that sfAFP folds in a manner consistent with cooperative two-state folding with an energy surface dominated by the native and unfolded states. We propose that an unusual match between the dihedral angle propensities in the unfolded state ensemble and the secondary structure of the native state, increased native state backbone entropy, and stronger native state H-bonds are major contributors to the stability of the protein molecule.
Results
Thermal Denaturation of sfAFP. sfAFP was prepared using total chemical synthesis (12) with the two disulfide bonds formed at all times, except for the SAXS measurements. The CD spectrum at 4°C, pH 8.0, is characteristic of PP2 helices, having a deep minimum at 195 nm and a positive peak at 217 nm (Fig. 3A) . The positive peak disappeared upon heating to 60°C and was restored upon overnight incubation at 4°C. The unfolded CD spectrum is typical of what is observed in other proteins upon thermal denaturation. Although often termed "random coil," this state represents an ensemble of backbone geometries with the (ϕ,ψ) dihedral angles predominantly in the PP2 basin and lesser populations in the α R , α L , and β basins (13) (14) (15) (16) .
Thermal denaturation produced a sigmoidal curve with a midpoint T mid of 32.5 ± 0.2°C at a thermal ramp rate of 1°C·min
The thermal transition was independent of protein concentration over a range of 85-300 μM (Fig. 3B and Fig. S1B ), indicating that the protein remained monomeric over the concentration range
Significance
The basis of protein-folding cooperativity and stability elicits a variety of opinions, as does the existence and importance of possible residual structure in the denatured state. We examine these issues in a protein that is striking in its dearth of hydrophobic burial and its lack of canonical α and β structures, while having a low sequence complexity with 46% glycine. Unexpectedly, the protein's folding behavior is similar to that observed for typical globular proteins. This enigma forces a reexamination of the possible combination of factors that can stabilize a protein.
studied. Faster thermal ramps brought forth a marked increase in T mid , being 16°C higher at a ramp rate of 4°C·min −1 compared with 0.25°C·min −1 (Fig. S1A ). The increased stability is a manifestation of the unfolded state having less time to fully equilibrate due to slow unfolding (k u ∼ 10 −5 s −1 at 4°C) and cis/trans isomerization for the two cis and four trans Xaa-Pro peptide bonds in the native fold (2) .
In the unfolded state, Xaa-Pro peptide bonds isomerize on the minute timescale (17) and equilibrate with a ratio of [trans]/[cis] ∼ 5, depending on the neighbor's identity (18) . The net reduction in stability due to this isomerization effect is the sum of individual values, ΔG cis-trans = 1.4 + 1.3 + 0.08 + 0.07 + 2·0.04 = 2.9 kcal·mol −1 (18) . Although the nonequilibrium caused by the prolines compromises the validity of obtaining thermodynamic quantities, we have fit the transition at different temperature ramps and extrapolated the parameters to the limit of an infinitely fast ramp where isomerization in the unfolded state can be ignored (Fig. S1A, Inset) . After extrapolation, we find that ΔH, TΔS, and ΔG = 38 ± 3, 32 ± 3, and 5.9 ± 0.6 kcal·mol
, respectively, at T = 4°C (Table S1 ).
Monitoring Denaturation with Multiple Probes. To permit the monitoring of folding using both CD and fluorescence, two sfAFP analogs were prepared, sfAFP H32W and sfAFP
R62W
. Thermal denaturation measurements indicated that the analogs had similar stability to wild-type sfAFP (T mid = 27.6 ± 0.1 and 25.9 ± 0.1°C for sfAFP H32W and sfAFP
, respectively, versus T mid = 32.5 ± 0.2°C for WT sfAFP at a thermal ramp rate of 1°C·min −1 ) ( Fig.  S1 C and D) . For the Trp variants, the CD 219nm and fluorescence signals (λ excite = 285 nm) changed concurrently with temperature and yielded the same T mid values. This equivalence is consistent with a cooperative folding transition, as fluorescence is a local probe of the Trp environment, whereas CD 219nm reports on the global formation of the PP2 helices. This finding provides initial evidence that the free-energy surface is well approximated near the folding midpoint as a double well potential with an unfolded state and a folded state.
Folding Kinetics and Cooperativity. Kinetic measurements were conducted on sfAFP R62W to determine whether the energy landscape was approximated as a double well potential under strongly folding and unfolding conditions. The CD and fluorescence signals were simultaneously acquired at 4°C in a CD spectrometer using the same wavelength (λ = 226 nm; Fig. 4A and Fig. S2 ) and guanidinium chloride (GdmCl) as a denaturant. Above 4 M GdmCl, unfolding rates were measured using a stopped-flow apparatus monitoring only fluorescence. Measuring folding rates independent of nonnative Pro isomers required "double-jump" measurements (17) . During refolding, the CD and fluorescence signals tracked each other across different folding conditions. There was no evidence of a lag phase indicative of a folding intermediate, nor was any measurable subsecond change in CD amplitude observed before the first time point. The lack of a "burst" phase indicates that no measureable amount of secondary structure forms in a kinetic step before the folding to the native state.
The CD and fluorescence traces were fit to a single-exponential function having nearly identical rates ( Fig. S2 and Table S2 ). This agreement indicates that the two signals are tracking processes that are limited by the same kinetic barrier and that folding occurs in a two-state manner without the accumulation of intermediates. The fit to the data improved slightly when allowing for a second phase for both probes of up to 10 or 20% of the total signal for unfolding or folding, respectively ( Fig. S2 and Table S3 ). A second phase observed by CD and fluorescence, both in rate and amplitude, suggests heterogeneity in the starting state rather than the accumulation of an intermediate. The slow minor folding phase could be due to cis-trans Pro isomerization occurring during the minute-long refolding process, whereas the fast minor unfolding phase may be due to a nonnative proline isomer in an otherwise-folded structure.
Below 4.5 M GdmCl, the major folding and unfolding phases could be fit with a two-state U↔N model, with the activation free energies for folding and unfolding being linear with denaturant concentration (19) . However, the unfolding region of the associated chevron plot exhibits a change in slope at ∼4.5 M GdmCl (Fig. 4B ). Such kinks have been observed in the unfolding of other apparent two-state proteins, and analyzed using a reaction scheme ( Fig. 4C ) with two sequential transition states, TS1 and TS2, and an intervening high-energy intermediate state (I*) of indeterminable stability (20, 21) . Below 4.5 M GdmCl, TS1 is rate-limiting for folding and unfolding. The kink arises from the differential surface burial (denaturant dependence) of TS1 and TS2 (Table S4) , which results in TS2 becoming rate limiting for unfolding above 4.5 M GdmCl. Although postulating an I* species complicates the energy surface, the state does not accumulate, and, therefore, folding still appears kinetically two-state.
This kinetic analysis produced a value for the equilibrium stability of sfAFP R62W , ΔG eq = 6.4 ± 0.6 kcal·mol
. Because the folding rates were obtained using a double-jump protocol that maintained the native Pro isomers, the chevron-derived stability reflects the difference between the native state and a denatured state having the native isomers. The chevron analysis also produced an equilibrium m value, m o = 2.5 ± 0.2 kcal·mol
, consistent with other proteins. The m o value is a measure of the surface buried going from the unfolded to the native state (22) . sfAFP is predicted to have an m o = 1.8 kcal·mol
, assuming an unstructured denatured state model (13) , which is less than our experimental value. If a rapidly formed intermediate did exist and had escaped our detection, the net m o would be reduced. Hence, the sizable m o value obtained from the chevron provides further support that folding is dominated by two energy wells.
SAXS Studies. Poly(Gly) sequences have been observed to form collapsed or aggregated structures (24) (25) (26) (27) (28) , and so we sought to determine whether a denatured state of sfAFP with 46% Gly content would behave similarly. To this end, we measured the properties of sfAFP H32W with reduced disulfide bonds using SAXS coupled with inline size exclusion chromatography (SEC) (Fig. 5) . Without the two disulfide bonds, the species is not the true unfolded state of sfAFP. However, the reduced species provides an analog accessible under aqueous conditions to ascertain whether sfAFP's Gly content is sufficient to promote collapse or aggregation. The reduced protein eluted from the size exclusion column as a single peak at an elution volume earlier than expected for a globular (i.e., collapsed) protein. Furthermore, the scattering profile was consistent with the Debye model for a random walk (29) , indicating that the reduced analog was unfolded with at least one broken disulfide bond (Fig. 5) .
The fit of the data with the Debye model over the range q·R g ≤ 2 yields a radius of gyration, R g = 23.1 ± 0.2 Å. The crystal structure R g is 13.3 Å, whereas the expected R g for a chemically denatured protein of this size is 25.4 Å. The latter is calculated from the known correlation between chain length (N = 81) and R g for a self-avoiding random walk (SARW), R g = 2N 0.59 (30) , when corrected by 5% for the difference between the scaling for an Ala-versus Gly-containing random walk (31) . Although this disordered state (under aqueous conditions) is not as expanded as a completely self-avoiding random walk, the SAXS data indicates that the reduced analog is not collapsed, consistent with findings on other unfolded proteins (32) (33) (34) (35) . These results indicate that high glycine content does not necessarily produce a collapsed globule or aggregation, unlike that observed both experimentally and in simulations using poly(Gly) sequences (24-28). Possibly the difference lies in the C β -containing residues in the heterogeneous sfAFP sequence that serve to restrict an otherwise-favorable collapse of a polypeptide with a high Gly content.
Conformational Entropy. Explicit solvent molecular dynamics (MD) simulations were analyzed to calculate the conformational entropy of sfAFP in its native state for comparison with the model protein ubiquitin (Ub). Entropy is calculated according to S = -R Σ i P i lnP i , where P i is the population in 10°× 10°pixels in the Ramachandran map (36, 37) . We find that residues in sfAFP's PP2 helices and in Ub's β-sheets exhibit comparable backbone entropy (Fig. 2B) . Helical residues in Ub have tighter (ϕ,ψ) distributions and, hence, significantly lower entropies (Fig.  2C) . In entropic terms, the less restricted motions in PP2 helices translates to an entropic benefit of ΔS = 0.5 kcal·mol
/(300 K), compared with helical residues.
Our prior studies (36, 37) found that the backbone entropy of glycine in the unfolded state exceeds other residues by 0.3 kcal·mol
/(300 K). However, other residue types additionally lose side-chain entropy upon folding. For Ub, the average loss of side-chain entropy for the non-Gly, -Ala, and -Pro residues is ΔS = 0.3 kcal·mol
This extra entropy loss of side-chain entropy produces an average net entropy loss upon folding similar to that of glycine. Also, the two disulfide bonds in sfAFP (C1-C28, C13-C43) reduce the conformational entropy of the unfolded state through covalent loop closure, by ∼5 kcal·mol
−1 (although possibly less as the loops are intertwined) (38) .
H-Bonds. sfAFP has an H-bond content and amide burial level that is typical of similar-sized proteins ( Fig. 2A) . However, sfAFP's H-bonds are on average 0.17 and 0.09 Å shorter than α-helical and β-sheet H-bonds, respectively (Fig. 6A) . The reduced distances suggest that the lack of side chains in the core of sfAFP allows the H-bonds to energy minimize and dictate the inter-PP2 helix separation distance. Consistently, the shortest H-bonds in sfAFP are in the middle of the helices, and longer H-bonds are located near the turns where additional constraints are present. We suspect that side-chain packing and the requirement that the main chain twist result in slightly longer H-bonds in β-sheets and α-helices compared with those in the core of sfAFP. Translation of the difference in H-bond length into energetic terms is challenging. As a proxy, electrostatic energy calculations between the amide and carbonyl partial charges with molecular force fields were carried out but exhibited little distance dependence (Fig. S3A) . Furthermore, the H-bonds in sfAFP appear energetically indistinguishable from the other H-bonds according to this simple analysis based on electrostatics.
As an alternative, quantum-mechanical (QM) calculations using B3LYP density functional theory (DFT) (39) were performed on 29 pairs of N-methylacetamide (NMA) molecules having geometries matching the 14 parallel and 15 antiparallel PP2 helical H-bond orientations found in sfAFP. An additional 215 NMA pairs using geometries found in our protein test set (100 α-helical, 100 antiparallel, and 15 parallel β orientations) were included for comparison (Fig. 6A, Fig. S3B , and Table S5 ). The H-bond energy was defined as the difference between the NMA pair energy and the sum of the individual energies in the same configuration, E HB = E total − (E 1 + E 2 ). Three solvent dielectric constants were examined, « = 2, 4, and 10, which likely covers the value inside a protein (40) . On average, the antiparallel PP2 H-bond is ∼0.3-0.7 kcal·mol −1 more stable than those in other secondary structures. The most stable H-bonds tended to have an H-O distance of 1.85-1.90 Å. Increasing « from 2 to 4 or 10 stabilizes H-bonds by about 0.8 or 1.3 kcal·mol
, respectively, but has little impact on the ΔE HB between the different secondary structures (Fig. S3B ).
In addition to amide H-bonds, sfAFP has 15 CH-O=C H-bonds, which are also found in other PP2-containing proteins and polypeptides (41, 42) . Although the strength of these interactions is unknown, they are likely to be weak (41, 43) , especially considering that in sfAFP the carbonyl oxygen already is involved in a backbone H-bond.
Another possible stabilizing factor is the n→π* interaction between adjacent peptide bonds (44) . Simulations have suggested that dipole-dipole interactions between peptide bonds, which correspond to the quantum mechanical n→π* interactions, can explain the self-association of polyglycine peptides (25, 45) . The distance between oxygen and carbons is shorter in α than PP2 helices (2.9 and 3.2 Å, respectively), suggesting that n→π* interactions are less significant in sfAFP than in typical helical proteins. Because the stability of helical proteins already can be attributed to hydrophobic burial, we infer that n→π* interactions are unlikely to provide significant stabilization for sfAFP.
Significance. Despite lacking canonical secondary structures or a hydrophobic core, sfAFP both folds cooperatively and is stable. These two properties are related but distinct (2, 46) ; for example, a small subpopulation can fold cooperatively to a unique structure even under strongly destabilizing conditions if there are two distinct thermodynamic wells. We first discuss sfAFP's stability.
In 1951, Pauling and others (2, 47, 48) stressed the importance of H-bonds. The overall benefit of H-bonding to stability, however, is unclear as the net number of total protein plus water H-bonds typically remains nearly constant upon folding. In 1959, Kauzmann (49) stressed that the hydrophobic effect is the dominant factor in protein stability, in agreement with more recent thinking (50, 51) .
Hydrophobic burial provides a large entropic benefit, ΔS solvent , due to the release of water molecules caging the hydrophobic groups in the unfolded state (50, 52) . The experimentally observed entropy loss upon folding often is near zero: ΔS exp ∼ 0 ∼ ΔS solvent + ΔS conf , implying that the gain in solvent entropy gain is largely counterbalanced by the loss of conformational entropy, ΔS solvent ∼ −ΔS conf (50, 52) . Indeed, our estimation of ΔS conf ∼ 1.4 kcal·mol (36, 37) , is similar to the above estimate of hydrophobic stabilization. However, sfAFP buries only 40% of the hydrophobic surface area of a typical protein. This difference equates to a reduction in stability of ∼1 or 1.4 kcal·mol
·res −1 (9, 10) . Because sfAFP lacks extensive hydrophobic burial, we expect a reduction in ΔS solvent but no corresponding change in ΔS conf . Hence, the compensating factors that help stabilize sfAFP are expected to have a significant entropic component.
We propose that three factors largely compensate for the lack of hydrophobic burial in sfAFP: strong H-bonds between PP2 helices, heightened native state entropy, and similarity between the residue-level statistical bias toward PP2 dihedral angles in the unfolded state and the actual PP2 structure in the native state. According to our DFT calculations, sfAFP's 15 antiparallel PP2 H-bonds are stronger by ∼0.5 kcal·mol −1
·H-bond
−1 compared with other types of H-bonds (Fig. 6A ). sfAFP's heightened native-state entropy stabilizes the protein by reducing the loss of entropy upon folding, also achievable through the use of specific amino acids (53) . Compared with α-helices, the backbone of residues in sfAFP's PP2 helices are slightly more flexible and sample more area in the Ramachandran map during MD simulations (Fig.  2C) , which equates to an increased native state entropy worth ΔS ∼ 0.5 kcal·mol
·(300 K) −1 . The third major proposed factor in sfAFP's stability is the similarity between the backbone conformations in the folded and unfolded states. The CD spectrum of the denatured chain (Fig. 3A ) indicates that the backbone preferentially adopts (ϕ,ψ) values compatible with PP2 geometry (13, 14, 16, (54) (55) (56) . The unfolded state's PP2 bias is a statistical property and does not necessitate that the chain have contiguous stretches of PP2 conformers, as observed in the native PP2 helices. Rather, the backbone samples a variety of (ϕ,ψ) angles, and according to the SAXS data, behaves nearly as a SARW when the disulfide bonds are broken. The PP2 bias is especially strong for chains containing alanine (57) and glycine (24) , which are found at high levels in sfAFP's PP2 helices (11 Ala, 33 Gly, out of 68 helical residues). We propose that the strong residue-level bias toward PP2 conformations in the unfolded state reduces the free energy needed to shift its backbone distribution to the native-state distribution. We term this energy "RamaStrain." It has both entropic and enthalpic components. It would be solely entropic if the probability distribution is such that all allowed angles are equally probable (an energy surface with flat-bottom wells). Similar principles have been used to reduce the entropy in the unfolded state through the use of selected substitutions (58) .
We evaluated RamaStrain using linkage and an unfolded state (ϕ,ψ) distribution obtained from a structure-based coil library (59), ΔG RamaStrain = −RT ln P unf (ϕ,ψ) nat , where P unf (ϕ,ψ) nat is the probability of a residue in the unfolded state occupying the native (ϕ,ψ) basin (Fig. 6, Fig. S4 , and SI Methods). Compared with a test set of 35 comparably sized proteins, sfAFP's RamaStrain is smaller by 0.53 ± 0.28 kcal·mol
. This serves as a third factor compensating for sfAFP's lack of hydrophobic burial.
Cooperativity. No generally accepted answer exists to the origin of the all-or-none cooperativity typically observed in the folding of globular proteins. Although hydrophobic burial alone may be insufficient to yield cooperative folding behavior (60, 61) , a common presumption is that formation of a hydrophobic core is requisite for two-state folding behavior (11) . Simulations and experiments have also stressed the importance of long-range contacts (62, 63) . Other factors include multibody energy terms (64) , instability of isolated substructures, side-chain packing (11), desolvation (65) , and the lack of stable, misfolded structures.
Thermal denaturation of sfAFP produces a sharp unfolding transition with concurrent changes in local (fluorescence) and global (CD) probes, consistent with the native and unfolded states being the only significantly populated species. Similarly, the two probes track each other during the kinetic measurements. Both unfolding and refolding reactions are primarily monophasic, with rate constants that vary linearly with denaturant concentration. The effect of proline isomerization compromises our ability to apply further tests of cooperativity [e.g., comparison of ΔH van't Hoff and ΔH calor (66) ]. However, the available data provide strong preliminary evidence that sfAFP folds in a single kinetic step, potentially through a highenergy intermediate. Taken together, our findings suggest that a hydrophobic core with specific side-chain packing is not an absolute requirement for cooperative folding behavior.
In sfAFP, the two central helices, PP2 3 and PP2 4 , collectively form H-bonds with all other PP2 helices, with each one individually contacting four helices (Fig. 1D ). This level of contact between secondary structures is similar to that found for β-strand and α-helices in similar-sized proteins. The extensive interaction network found in sfAFP is reflected in a residue-residue contact map with many off-diagonal elements and a high relative contact order value of 0.17 (Ub's value is 0.15) (67). These structural intricacies mimic those observed in globular proteins and likely contribute to sfAFP's two-state folding behavior.
We hypothesize the following folding pathway to rationalize the presence of a large free-energy barrier between the native and unfolded states (Fig. 4C) . The presence of the two disulfide bonds biases folding to initiate at the N terminus. However, the formation of a single PP2 helix or even a pair of helices with only a single helixhelix interface is likely to be unstable. The β Tanford surface burial percentages for TS1 and TS2 are 37 ± 6% and 73 ± 1%, respectively, which suggests that two PP2 helices form in TS1, three helices in the high-energy intermediate I*, and four helices in TS2. The initial unfolding event could be the unfolding of PP2 6 as removing this helix is the least disruptive. However, the accompanying gain in entropy for the unfolding of a single PP2 helix comes at the expense of two helix-helix interfaces, making this event net unfavorable. Due to the uphill nature of folding the first two to three helices in TS1 and I*, and the downhill folding of the last two helices from TS2, there is a sizable free-energy barrier on an energy surface dominated by two wells. Further studies are required to evaluate this proposed pathway.
The well-defined native state of sfAFP is a product of its H-bonding pattern, side-chain packing requirements, and turn sequences. The native arrangement of the PP2 helices uniquely positions all C β atoms outward from the core to promote formation of the extensive H-bond network. In addition, the five turns have specific sequence motifs. Four turns contain a Pro, of which two adopt the noncanonical cis ω angle. The remaining turn sequence, GGTG, contains two Glys (G56, G58) with (ϕ,ψ) dihedral angles that are strongly disfavored for all other residues. The location of the turns in the sequence also produces nearly equal length PP2 helices and hence maximizes the number of interstrand H-bonds. In sum, the requirement of having Gly at critical positions combined with the strong turn signals helps produce a well-defined native state for sfAFP.
Conclusion
Despite lacking α and β structures and a hydrophobic core, the folding behavior of sfAFP matches those of proteins that have such features. Hence, they are unnecessary for folding cooperativity and stability. sfAFP's two-state behavior can be rationalized by its long range contacts and unique structure due to specific H-bonding requirements and turn motifs. What is less clear are the stabilizing terms that compensate for sfAFP's reduced amount of hydrophobic burial, estimated to provide 1 or 1.4 kcal·mol −1 ·res −1 less stability compared with typical proteins. We propose a major compensation for the lack of burial is that the intrinsic residue-level PP2 bias in the unfolded state reduces the free-energy cost of the backbone adopting the native PP2 geometry by ∼0.5-1 kcal·mol 
·H-bond
−1 compared with those in other secondary structures. Further studies are required to generate a more complete description of the energetics and folding behavior of this fascinating protein.
Methods
All variants of sfAFP were prepared as previously described (12) . All experiments were carried out using 10 mM phosphate, pH 8.0, at 4°C unless otherwise noted. Equilibrium denaturation and manual mixing kinetics were monitored with a Jasco J-715 CD spectrometer. For [GdmCl] > 4 M, kinetic data were collected using a BioLogic SFM-4000 stopped-flow apparatus connected to a PTI A101 arc lamp. SAXS measurements were taken at the Biophysics Collaborative Access Team (BioCAT) facility at the Advanced Photon Source at Argonne National Laboratory. Further descriptions of the methods are listed in SI Methods.
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